It is well established that the neuropeptide oxytocin (OT) is involved in regulating social behavior, anxiety, and hypothalamic-pituitary-adrenal (HPA) axis physiology in mammals. Because individuals with major depression often exhibit functional irregularities in these measures, we test in this pilot study whether depressed subjects (n = 11) exhibit dysregulated OT biology compared to healthy control subjects (n = 19). Subjects were hospitalized overnight and blood samples were collected hourly between 1800 and 0900 h. Plasma levels of OT, the closely related neuropeptide argine-vasopressin (AVP), and cortisol were quantified. Results indicated that depressed subjects exhibit increased OT levels compared to healthy control subjects, and this difference is most apparent during the nocturnal peak. No depression-related differences in AVP or cortisol levels were discerned. This depression-related elevation in plasma OT levels is consistent with reports of increased hypothalamic OT-expressing neurons and OT mRNA in depressed patients. This present finding is likewise consistent with the hypothesis that dysregulated OT biology may be a biomarker of the emotional distress and impaired social relationships which characterize major depression. Additional research is required to elucidate the role of OT in the pathophysiology of this psychiatric disorder.
Introduction
The neuropeptide oxytocin (OT) is synthesized in the hypothalamus and released into systemic circulation via the posterior pituitary. OT is also released into the brain via widely distributed oxytocinergic pathways, and OT receptors are found in a variety of socially relevant and stress-sensitive brain regions (Gimpl and Fahrenholz, 2001) . Central OT facilitates social contact between conspecifics, maternal-infant attachment, and pair-bond formation in a variety of mammals (Pedersen et al., 1992; Witt et al., 1992; Lim and Young, 2006) . Centrally administered OT also possesses anxiolytic properties (Landgraf and Neumann, 2004) , whereas OT gene deletion enhances anxiety (Amico et al., 2004) , in rodents.
In addition to regulating social behavior and anxiety, OT is released into the brain and periphery in response to acute psychogenic stressors in mammals (Landgraf and Neumann, 2004; Onaka, 2004) . Although the role of endogenous OT in stress biology is poorly understood, particularly under chronically stressful conditions, exogenously administered OT attenuates acute activation of the hypothalamic-pituitary-adrenal (HPA) axis in primates and rodents (Windle et al., 2004; Parker et al., 2005) , the primary neuroendocrine mediator of the stress response.
Social abnormalities, enhanced anxiety, and dysregulated HPAaxis physiology are frequently observed in major depression (Meyer et al., 2001; Parker et al., 2003) . This evidence and preliminary findings reviewed below suggest that functional irregularities in OT biology may be involved in the pathophysiology of depressive disorders. Indeed, significant correlations between OT levels and depressive symptoms have been reported in patient populations with obsessive compulsive disorder (Swedo et al., 1992) , fibromyalgia (Anderberg and Uvnas-Moberg, 2000) , and major depression (Scantamburlo et al., 2007; Cyranowski et al., 2008) . Greater numbers of OT-immunoreactive expressing neurons and higher levels of OT mRNA in the hypothalamus also have been found in patients with depressive disorders (Purba et al., 1996; Meynen et al., 2007) .
Although promising, it is difficult to draw conclusions about the role of OT in major depression from these studies. This is because most of the prior research was conducted within a disordered population with no control group (Swedo et al., 1992; Scantamburlo et al., 2007) , or comparisons were made between patients and control subjects, but patient groups were comprised of mixed populations (e.g., patients had either bipolar or major depression; patients had concomitant fibromyalgia and major depression) (Purba et al., 1996; Anderberg Psychiatry Research 178 (2010) -Moberg, 2000) . Another limitation of most of the neuroendocrine studies in humans is that they relied on collection and analysis of single biological samples, which precluded detailed analyses of OT levels across multiple time points. The primary goal of this study is to begin to bridge the gaps in our understanding of the role of OT in major depression. Here. we test whether depressed compared to healthy control subjects exhibit dysregulated OT biology by examining depression-related differences in plasma OT levels over a 16-h period. A secondary goal of this research is to examine whether depression-related changes in OT biology co-occur with changes in other stress-related hormones. These hormones include argine-vasopressin (AVP), a neuropeptide closely related to OT, and cortisol.
Methods

Subjects
Adult subjects were recruited through Stanford University Medical Center, as well as through online and print advertisements, as part of a larger study examining cortisol levels in depressive disorders (Keller et al., 2006) . The present pilot study was initiated after the beginning of the larger parent study, and resulted in recruitment of 11 outpatient subjects (n =7 women; n = 4 men) with major depression and 19 healthy control subjects (n =9 women; n = 10 men). Subjects from these two groups differed on clinical, but not demographic, characteristics (Table 1) . This study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of Stanford University. Informed written consent was obtained from all participants.
Depressed subjects were required to meet the following inclusion criteria: a score of 21 or higher on the 21-item Hamilton Depression Rating Scale (HDRS) (Hamilton, 1960) ; and a score of at least 7 on the Thase Core Endogenomorphic Scale (Thase et al., 1983) . Control subjects were required to score less than a 6 on the HDRS and have no history of Axis I disorders as determined by the Structured Clinical Interview for DSM-IV-TR (First et al., 1997) . Depressed subjects were allowed to remain on psychiatric medications provided the dose had not been adjusted in the last week. Psychiatric medications included: antidepressants (n = 6), concomitant anxiolytics and antidepressants (n = 1), and no medication (n = 4). Control subjects were free of psychiatric medications. Exclusion criteria were as follows: electroconvulsive shock therapy or substance abuse problems in the last 6 months, major medical illness, history of seizures, major head trauma, abnormal clinical laboratory tests, unstable or untreated hypertension, cardiovascular disease, endocrine disorders, pregnancy, lactation, or use of steroids.
Procedures
Subjects were admitted to the Stanford University Hospital General Clinical Research Center at 1500 h. At 1600 h, an intravenous line kept patent with saline infusion was started in one arm and 8 cc of blood were drawn into heparinized vacutainer tubes every hour from 1800 to 0900 h. Subjects were required to be supine in bed 15 min prior to each blood sample collection. No food or sleep restrictions were imposed. Blood samples were subsequently centrifuged and the plasma fraction was stored at − 70°C prior to hormone quantification.
Plasma hormone quantification
Plasma OT and AVP were measured using established radioimmunoassays (Amico et al., 1981; Amico et al., 1985) . The sensitivity of the OT and AVP assays in extracted plasma is 0.5 pg/ml. Cortisol was quantified using the Access Immunoassay System (Beckman Coulter, Chaska, MN, USA). The sensitivity of this assay is 0.4 µg/dl (11 nmol/l). The intra-and inter-assay coefficients of variation for all assays are typically below 10%.
Statistical analyses
OT and AVP were analyzed with separate regression models, using first-order autoregressive structures to model the relationship among measurements over time with diagnostic group as a fixed effect (SAS Institute Inc., Cary, NC, USA). Given the known diurnal rhythm of cortisol and the potential confounds of using a regression model (high variability in individual cortisol data points due to its pulsatile production), we instead fit the cortisol data to a single harmonic sine wave, with a fixed period of 24 h, using a nonlinear least squares fitting analysis based upon the Levenberg-Marquardt method (Microcal Origin v.6.1, Microcal Software, Northampton, MA, USA). The three coefficients in the equation represent the amplitude of the daily cortisol oscillation (1/2 peak-trough), the mesor, and the time of the mesor- Table 1 Demographic and clinical characteristics of depressed and healthy control subjects.
Demographics
Depressed subjects (N = 11) crossing. Depression-related differences in cortisol parameters were then compared. Test statistics were evaluated with two-tail probabilities (α < 0.05) and descriptive statistics are presented below as mean ± S.D.
Results
Depressed subjects exhibited significantly higher plasma OT concentrations compared to healthy control subjects (F 1,102 = 4.46, P = 0.037) (Fig. 1) . No depression-related differences in AVP levels were discerned (F 1,102 = 0.07, P = 0.788). There was no difference in the amplitude of cortisol between depressed and control subjects, as described by the fitted mesor (8.31 ± 1.58 µg/dl vs. 8.89 ± 2.22 µg/dl; t 28 = −0.76, P = 0.456) or fitted amplitude (6.01 ± 1.41 µg/dl vs. 7.21 ± 1.74 µg/dl; t 28 = −1.95, P = 0.062). The timing of the fitted peak of cortisol was also not different between depressed and control subjects (9:21 ± 4:53 vs. 10:39 ± 1:49; t 12 = − 2.18, P = 0.411).
Discussion
This experiment examined depression-related differences in plasma OT levels over a 16-h period. Results indicate that plasma OT levels are increased in depressed compared to healthy control subjects. Hyperoxytocinergic activity in the present study is similar to previous reports demonstrating that the number of OT-expressing neurons and the amount of OT mRNA in the hypothalamus are increased in depressed compared to control individuals (Purba et al., 1996; Meynen et al., 2007) . Although the relationship between peripheral and central oxytocin activity remains poorly understood in mammals, these systems exhibit functional coordination during certain states (Landgraf and Neumann, 2004) , and the aforementioned neuroendocrine and neuroanatomical data suggest the intriguing possibility that major depression may be one of them.
Hourly plasma collection occurred in this study between 1800 and 0900 h as a means by which to repeatedly assess OT levels within the same individuals. Although there is doubt as to whether plasma OT exhibits circadian or diurnal rhythmicity (Amico et al., 1983) , it is interesting to note that depression-related increases in plasma OT were most pronounced during the nocturnal period in which OT has been reported to peak (Forsling et al., 1998) . Individual differences in depressed subjects' plasma OT levels were also most apparent during this period. Whether or not disrupted sleep patterns in the depressed subjects contributed to these individual or group differences is unknown, and merits investigation. Additional research is also required to determine whether group differences in OT levels continue to be evident between 1000 and 1700 h.
Exactly why plasma OT levels are elevated in depressed individuals is unknown. One post hoc explanation, however, is that dysregulated OT biology is a biomarker of the emotional distress and impaired social relationships which characterize major depression. This hypothesis is supported by several studies: higher plasma OT levels are associated with impairments in social functioning in healthy (Taylor et al., 2006) , anxious (Hoge et al., 2008) , and depressed (Cyranowski et al., 2008) women, and greater hypothalamic OT cell numbers are associated with social isolation-induced anhedonia in prairie voles (Grippo et al., 2007) .
Several limitations of this research should be considered. It is possible that variables such as gender, age, and medication status (e.g., oral contraceptives; antidepressants) may have affected endogenous hormone levels measured in this study (Amico et al., 1981; Forsling et al., 1998; Uvnas-Moberg et al., 1999; Kramer et al., 2004) . However, this pilot study consisted of a small sample size that was not powered to examine the interaction effects of these variables with psychiatric status on plasma hormone levels. This study was also not powered to examine the relationships between hormone levels and both depressive symptoms and social functioning. Finally, because the depressed subjects in this study were outpatients and therefore less likely to exhibit hypercortisolemia (Peeters et al., 2004) , we were unable to examine OT levels in the context of dysregulated HPA-axis physiology. Research with more subjects, including hypercortisolemic patients, is required to test these important questions.
In conclusion, this pilot study determined that individuals with major depression exhibit elevated OT levels compared to healthy control subjects. Elevated OT levels occurred in the absence of depression-related changes in cortisol and AVP levels, suggesting an effect independent of the neuroendocrine stress axis. Results from this study are consistent with the hypothesis that dysregulated OT biology may serve as a biomarker of social distress in major depression. The role of OT in the pathophysiology of major depression remains unknown and merits further investigation.
